The recommendations of the panel of experts on the further development of the 'High-Tech Strategy' of the Government of the Federal Republic of Germany designate the biologization of economic processes along with digitization as the central driver of societal change. Various fields such as the 'biologization of materials research' were then defined in the 'BioAgenda' in order to walk the path from biology to innovation.
White Paper on the

Biologization of Materials Research
Christof M. Niemeyer With this white paper, we wish to contribute to the current discussion on seizing the opportunities offered by biology for future development of information-based approaches to sustainable economy. Based on fundamental principles of living systems, we elaborate on the importance of the biologization of materials research. Nature shows impressively that systems of almost incredible complexity can be created with minimal energy consumption but maximal capabilities for programmable replication, repair, regulation and environmental responsiveness. The biologization of materials research serves to unlock this potential.
To this end, we need to improve our knowledge on the fundamental processes of life -self-assembly, self-organization and compartmentalization. Our strategy is to use tools from chemical, biological and engineering disciplines to create natural and synthetic biomaterials that can be exploited for the manufacture of tailored biointerfaces. These constitute the physical and functional interconnection between engineered man-made materials and living systems. We are using eukaryotic and microbial cell populations to create hybrid biosystems of high complexity and functionality. In-depth research into these systems provides the fundamental knowledge that can be directly translated into biotechnological applications. Current examples include the use of hybrid systems in medicinal stem cell research, biofilm technology, biocatalysis and sensing. However, since the hybrid systems can give us detailed insights into the functioning of life, they should open the door to novel biomimetic evolution processes. These can lead to the realization of visionary perspectives for specific technical/industrial applications, like self-growing systems for manufacturing of devices for communication, energy technologies, and other hightechnology goods.
From our perspective of research on biological interfaces for technology and medicine, we will here provide a brief overview on the biologization of materials research by briefly outlining basic principles and concepts (Chapter 1), suitable chemistries for bioinstructive, scale-bridging materials (Chapter 2), experimental approaches to tailorable biointerfaces for the study of cell populations (Chapter 3), and the hybridization of biological and technical components for applications in biotechnology and other fields (Chapter 4).
Our survey leads to tentative conclusions and recommendations (Chapter 5). A particular focus is directed towards the development of efficient methods for screening of biomaterial libraries in the context of biological guests as well as interfaces for functional coupling of materials with living cells on the nanometer length scale. A combined effort of multiple disciplines with massive support by computer-aided technologies will be needed. Future success in uniting exploratory elements of research in biology and creative elements of engineering to create something entirely new, critically will hinge on robust and complementary research capacities in design, synthesis, engineering, fabrication, characterization, simulation and computer learning. 
------------------------------------------------------------------
Some principles of life and engineering sciences
Synergetics is an interdisciplinary science founded in the late 1960s by the German physicist Hermann Haken. He explained the formation and self-organization of patterns and structures in open systems far from thermodynamic equilibrium and offered a wealth of vivid examples of how, through the appropriate interaction of individual parts to form new structures and modes of operation, the whole system can adapt to its environment. 1 Biological evolution is such a synergetic system. On the basis of the generic principles of self-organization, complex living systems have evolved, which in turn have created technical systems that determine our industrial society.
1.1 Biosystems inherently grow functionally from bottom-up. The decisive criterion for life is that autonomous units are continuously renewed by metabolism. Here the metabolism with the help of a material and energy flow enables a structural hierarchy and dynamics in the materials of life to produce complex functionality.
2 Biological systems have the inherent property of creating such higher-order hierarchical structures through a process known as 'self-organization'. This term summarizes processes that require continuous energy supply in order to achieve a higher energetic state, i.e., systems far away from thermodynamic equilibrium. On the basis of this principle, billions of years of evolution have created hierarchically organized living systems that range in size from nanometers to meters and can be of incredibly high complexity and functionality (Fig 1) .
Self-organizing processes must be distinguished from 'self-assembly' processes because self-assembly does not require any energy input, rather, in the course of self-assembly energy is released (binding energy), which is lost in the process as heat and/or increase in entropy. What both processes have in common though, is that they are not exposed to any external organizing influence. While self-assembly processes are increasingly implemented in technical fabrication routines, self-organization, so far, remains largely unexploited. 1.2 Technical systems are engineered 'top-down' to acquire functionality. Based on miniaturization methods, technical systems and devices of ever-increasing sophistication have been engineered in the past centuries. Indeed, engineering and materials sciences have enabled the rise of our modern society as they form the basis of today's manufacturing industry, which is a major pillar of our economic system. Technical systems, ranging from macroscopic machines over mesoscale devices and micromechanic units to microelectronics, are all fabricated by top-down approaches, i.e., through energy-intensive miniaturization of larger materials. Top-down methods have their current size limitations at the 10-100 nm range. Furthermore, with increasing miniaturization, the established manufacturing processes become much more complex, energy-demanding and expensive. In order to escape this dilemma and to be able to produce smaller structural and functional units, it is necessary to break radically new ground in research and development. This can be done through the use of biology's principles and materials. 1.3 Biomimetics -we are learning from Nature. Biomimetics is an interdisciplinary field in which principles from engineering, chemistry and biology are applied to the synthesis of materials, synthetic systems or machines which have functions that mimic biological processes. Biomaterials are natural or synthetic materials that interact with any part of a biological system. 5 Biomaterials are being used in biomedical sciences, such as regenerative medicine, tissue engineering and drug delivery, whereas biomimetic designs are also used for technical systems, such as constructions, machines or instrumentation.
Well known principles exploited in bioinspired material systems include the lotus effect in wetting and self-cleaning, moths' eyes nanoscale structures to minimize light reflection, dolphins' and sharks' skin to reduce flow resistance and biofouling, microscopic bristles of gecko feet as adhesives, or the implementation of biological principles for construction of lightweight supporting structures and 'electronic nose' devices. While these examples have in common that natural models and designs are being harnessed, fabrication processes are still based on energy-intensive computer-aided 'top-down' engineering.
In contrast, Nature impressively demonstrates that systems of enormous complexity can be created with low energy consumption by 'self-organization' in a continuous development procedure. This evolution is characterized by growing, testing and selecting hierarchical systems of scale-bridging dimensions that range from atoms over molecules and supramolecular machinery to living cells and higher organisms (Figure 1 ).
Inherent properties of living systems include their optimized consumption of available (materials and energy) resources, incorporated structures for information storage and
processing, replication, regulation, repair and adaptability to environmental changes through mutation and selection.
1.4 Compartmentalization -the key to complexity. As an essential outcome of 'grow and select' strategies, natural evolution has invented 'compartments' as key construction elements. Compartmentalization is the general approach to spatially separate two or more active components of a system to prevent malfunctions from spreading and unproductive crosstalk. Classical engineering has long implemented compartmentalization in technical systems. As a simple example, pistons in a cylinder, carburettor and exhaust system can be seen as compartments of an engine and the engine as a compartment of a car. Again, the fabrication of such man-made compartments is based on rational engineering, whereas Nature makes its functional systems by autonomous growth. Can we ever create biomimetic processes with which our modern devices can be manufactured by self-growing systems? In biological systems, compartmentalization is achieved by physically constrained cascades of multiple catalytically active proteins, which are essential parts in metabolic and signaling pathways. 6 In a joint effort, research in biology, chemistry, physics and engineering has begun to explore the basic principles of biological compartmentalization in order to exploit them for applications in biotechnology and biomedicine. 7 Examples of current research include continuous flow systems for chemical synthesis and biocatalysis, analytical lab-on-a-chip and organon-a-chip devices, synthetic biology and the construction of chimeras of living organisms and machines.
8 Despite initial advances, however, these fields are only in their infancy, and substantial trans-disciplinary research is urgently needed to achieve a better understanding of natural engineering principles and to use them for technical applications.
1.5 Information-based strategies unite exploratory biology and creative engineering. Due to the above described weaknesses of topdown methods, purely technical approaches are not sufficient to develop long-term technologies for a sustainable economy or future medical therapies. Approaches will only be successful in the long term if they are developed in close cooperation between the engineering and life sciences. This cooperation has a long history in which chemistry and materials science play an outstanding role.
9
The next generation of applications in industrial and medicinal (white and red) biotechnology will require novel innovative small molecules and scale-bridging materials to produce integrated systems with bioinstructive properties that serve as operating systems for functional cell populations. Since experiments and simulations in biosciences, chemistry and materials research provide more and more data, the paradigms of 'data-driven' and 'information-based' sciences are emerging. As in many other fields of science, the aim is to use large amounts of data to gain new insights into complex processes that are not accessible by experiment or simulation.
10
Data science links exploratory biology and creative engineering in two ways. On the one hand, it allows to analyze and interprete 'big data' sets obtained from technical solutions that already exist and are continuously improved and adopted to tackle biological questions (e.g., microscopy, imaging, large scale 'Omics' methods; see 3.5). On the other hand, data science serves the research and implementation of bioinspired technical solutions to develop novel innovative products (learning from nature). The inherent feedback loop from design and theory to experimental sciences, often termed as 'digital twin', can also favorably used in the biologization of materials research. Supported by concepts based on artificial intelligence and machine learning, a 'digital twin' of a biohybrid system, for example, could predict the optimal materials, surface properties and dynamic environmental conditions of in vitro flow systems in order to enable expansion and controlled differentiation of stem cells or to gain the maximal productivity of microbial consortia for the production of fine chemicals.
In the following, we discuss the state of the art and the scope of currently emerging trends in chemistry and materials science that can serve as basic enabling technologies for the development of future biohybrid systems.
Innovative chemistry supplies bioinstructive, scale-bridging materials
Based on the developments of the past centuries, chemistry, as an exact natural science, laid the foundation for one of today's most important branches of industry, which facilitates the production of everyday goods, foodstuffs (also as auxiliary substances, such as fertilizers and pesticides) and health care products (e.g. pharmaceuticals). Since we limit our consideration to possible applications in white and red biotechnology, we here focus on chemical approaches to bioinstructive scale-bridging material systems. We will also refer to applications outside the life sciences when biomaterials or biological design principles are involved.
Combinatorial machine-assisted organic synthesis.
The consequent use of combinatorial chemistry, robotics and chemoinformatics is essential to open the door to new bioinstructive agents and materials. Combinatorial chemistry is in essence a systematic covering of the chemical space as an alternative to the focused approach which is governed by design and/or trial and error. It began its triumphal march in organic synthesis more than 20 years ago and is now an indispensable pillar of modern drug research.
11 Combinatorial libraries provide not only small molecular entities but also give access to novel materials useful, for instance, as drug delivery systems 12 or to design self-assembling material systems, such as metal organic frameworks (discussed below, 2.4).
In recent times, combinatorial organic chemistry is often combined with highly parallelized synthesis where cascades of reactions are conducted in fluidically coupled reaction vessels through extensive use of machine assistance. 13 This approach, dubbed as 'continuous flow chemistry', has yielded impressive synthesis campaigns for pharmaceuticals and other small molecules in recent times.
14 While machine assisted synthesis is straight on its way to a routine method for small molecule production, the use of end-to-end automated technology platforms that cover the entire process from synthesis to functional analysis of macromolecular and colloidal compounds is still in its infancy (discussed below, 4.4).
Polymers -synthetic and biogenic macromolecules.
Polymers are synthetic or natural high molecular weight macromolecules, composed of repeated subunits (monomers) that range from synthetic plastics, such as polystyrene, to natural biopolymers, such as cellulose or DNA. As their physical and biological properties can be specifically adjusted by chemical synthesis, polymers play an outstanding role as materials for countless everyday commodities but also for products in electronics and medical sciences. While some natural biopolymers (e.g., DNA, and proteins) have a precisely determined molecular composition and weight, synthetic polymers are usually mixtures of differently sized macromolecules. Since the size distribution can have unfavorable effects on the material properties, a major effort in current research is concerned with the development of monodisperse polymers that can be designed from scratch and prepared by use of orthogonal (e.g., light-directed) couplings to contain predefined sequences of building blocks. 15 As we discuss below (3.3), polymers have proven their potential as designer materials for building biointerfaces useful for numerous applications in technology and medicine. Light-directed polymerization routes are of particular interest because they can be utilized for multi-material 3D additive manufacturing, such as 3D laser lithography, that provide access to a wide range of highend metamaterials for bioinstructive, mechanical and plasmonic devices (see 4.3, 4.4). 2.3 DNA-based materials -sequence-defined polymers and supramolecular assemblies. Another promising approach to scale bridging materials takes advantage of natural polymers, DNA and polypeptides, which can be produced by automated solid phase synthesis as well as by biochemical and molecular biology-based methods. DNA-based materials are currently attracting a lot of interest in the area of life sciences because they are readily available, highly biocompatible and, in particular, because they can be rationally designed with arbitrary functions to enable degradation, selective binding and adhesion of molecular entities and cells, cellular uptake and drug delivery. Through derivatization with non-nucleic acids, even catalytic, optical or electronic properties can be engineered into these materials, to enable fabrication of a broad range of devices useful for applications in the life and materials sciences.
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Due to their chemical structure, DNA materials can be used to build scale-spanning structures ranging from the atomic regime of base pairs to the hundred nanometer regime of so-called 'DNA origami structures'. These are supramolecular assemblies that can be rationally engineered with high precision to yield nanoscaled monodisperse 2D and 3D particles applicable, for instance, as molecular pegboards for the bottom-up assembly of proteins or nanoparticles.
18 As detailed below (3.2, 4.2), DNA materials are already being used for biological applications (drug delivery, nanomedicine) and current work aims at the development of programmable biointerfaces for biocatalysis, the instruction and interrogation of living cells and even automated platforms for creation of DNA-based material systems. With regard to the development of bioinstructive, scale-bridging materials, it is important to emphasize that a large fraction of MOFs has been shown to be compatible with living cells. 21 Furthermore, investigations have shown that MOFs can be used as matrices for the integration of enzymes. In several cases, the catalytic activity was found to be substantially higher when the biocatalyst was encapsulated in the MOF pores as compared to the free enzyme. It is also conceivable to formulate MOF systems as chiral carriers 21c) or as nanoparticles, incorporate bioactive enzymes or drugs and use the systems for targeted drug delivery to combat, for example, the multidrug resistance of cancer cells or bacteria. Altogether, MOFs are highly promising candidates for the development of scale bridging material systems, wherein self-assembled surface-bound hetero-multilayers can be used for targeted delivery of pharmacologically active compounds to cells or for the development of compartmentalized enzyme cascades (see 4.1).
2.5 Nanoparticles and Biomolecules -hybrid assemblies that connect materials and life. Nanoparticles can be prepared readily in large quantities from various materials, such as polymers, metals, metal oxides, and semiconductor materials (e.g., Ag2S, CdS, CdSe, TiO2). Their size can be controlled from one to about several hundred nanometers and they have highly interesting optical, electronic, and catalytic properties, which are very different from those of the corresponding bulk materials and which often depend strongly on the particle's size in a predictable way. Therefore, nanoparticles are highly attractive building blocks for the generation of larger superstructures whose targeted manufacture is the subject of current research in materials science and which are already being used in device fabrication (e.g., Samsung's QLED displays).
The marriage of nanoparticles and biomolecules bridges the gap between biology and materials sciences in two ways. On the one hand, biomolecules, in particular proteins and nucleic acids, can be grafted onto nanoparticles to add functionality, which, in turn, leads to novel properties of the hybrids. This approach is being used for the engineering of novel materials for sensing, delivery or structure formation. 4, 22 On the other hand, the size, structural and chemical composition of nanoparticles allows for specific integration of biomolecules into nanoscale environments and compartments (see 4.1), such that nanoparticulate architectures can be used to study cellular processes (4.2).
3 Biointerfaces are the key to the exploration and utilization of biosystems.
For the biologization of materials research, the physical linking of biological systems with man-made materials is essential in order to develop models with which the interaction between life and matter can be investigated in depth and exploited for applications. Chemistry plays a key role in these developments as it combines the instrumental hardware of engineers with the specimens of life scientists. Chemical methods are needed to bring artificial material systems into contact with biological molecules, individual cells and associations of eukaryotic and microbial cell populations. Modern, powerful analysis and data processing methods are indispensable for the comprehensive analysis of hybrid systems produced in this way.
Bioconjugation chemistry.
Over the past decades, 'bioconjugation' has emerged as a crucial strategy to stably link biomolecules with other types of biomolecules, small-molecule compounds, particles or solid surfaces. 23 The modification of biomolecules opens the door to diverse applications, such as tracking cellular events, revealing enzyme function, determining molecular biodistributions, imaging specific biomarkers, or delivering drugs to targeted cells. Developments in bioconjugate chemistry are currently focused on (i) the development of ever more gentle and selective methods for functionalizing the often sensitive biomolecules by so-called 'bioorthogonal coupling methods', 24 (ii) the linking of different classes of functional biomolecules with each other (e.g., DNA-protein conjugates, protein glycoengineering), 25 and (iii) the chemical modification of living cells and organisms. 26 From a technical point of view, materials' surfaces must be designed in such a way that chemoselective coupling with the biomolecular component can take place. Current work clearly indicates that biomolecular linker systems are particularly advantageous in this respect, as they are often based on genetically encoded binding motifs. 27 The development of efficient and selective linker systems represents an important challenge for the further advancement of biohybrid systems.
3.2 DNA surface technology. An example that takes advantage of biomolecular linker systems and genetically encoded binding motifs can be traced back to the development of DNA microarray technology in the course of the human genome project in the 1980s. It led to the evolution of Industrial processes for large-scale fabrication of sophisticated DNA chips, which can nowadays contain millions of different DNA molecules and are routine tools for fundamental and applied biomedical research, such as genotyping and expression profiling. 28 Based on the invention of the "DNA-directed immobilization" (DDI) technique, DNA surfaces can also be utilized for functionalization of solid substrates with arbitrary compounds, such as small-molecules, nanoparticles and, in particular, proteins.
29 DDI takes advantage of DNA chips for self-assembly of non-nucleic acid compounds that are tagged with complementary oligonucleotides. This is a very mild and efficient process as indicated by hundreds of research papers, which include the use of variable materials (glass, polymers, gold, silicon) for the fabrication of complex surface-bound architectures comprising proteins, nanoparticles and even cells. 30 The power of DNA surfaces as tools for fundamental biology and materials research can even be enhanced by implementation of DNA nanostructures. This approach integrates bottom-up and top-down fabrication and it allows one to produce large-area spatially ordered arrays of nanoparticles using lithographically confined DNA origami structures or create multiscale origami structures as interface for cells (MOSAIC) . 31 The latter is a powerful method to present to adhered cells well-defined arrangements of ligands with full control over their number, stoichiometry, and precise nanoscale orientation. Hence, the integration of bottom-up assembly outperforms top-down patterning methods and, thus, opens the door to novel applications in the life sciences that cannot be tackled by conventional technologies. Since cells react very sensitively to geometrical and mechanical cues of their environment, a particular challenge regards the engineering of polymer substrate surfaces with controllable topography at the micro-and nanoscale to control cell function. 33 Solutions for this task can be achieved by implementing top-down and bottom-up technologies. For instance, photolithographic segregation of polymers can yield synthetic surfaces with superhydrophilic and superhydrophobic patterns or hierarchical micro-nano roughness. Else, thermal molding of polymer films can be combined with DNA-based assembly schemes to steer adhesion propagation and differentiation of cell populations. 34 As described below, these approaches are increasingly used for in vitro studies on biological model systems (3.4), whereby the efficacy of the investigations can be enormously increased through implementation of highthroughput/high-content formats based on microarrays and microfluidics (3.5).
Cell populations on surfaces.
Based on the societal relevance of applications in biomedical sciences and biotechnology, current research at the interface of materials and life science is focusing on two highly challenging biological systems, eukaryotic cell populations, in particular stem cells, and microbial consortia, such as multi-species biofilms. A key objective is to rationally design and engineer tailored surfaces for sophisticated culture devices as an approach to specifically manipulate these multicellular systems at the molecular level. For example, innovative bioreactor surfaces could be used to create artificial organs or to expand and control the differentiation of stem cells, 34a,, 35 required for applications in, e.g., drug testing or cell therapy. Furthermore, advanced technical devices and surfaces for controlling biofilm formation and harnessing their unique, complex properties represent a major source of innovation in biotechnology, for example in bioproduction and water purification, as well as in strategies for limiting biofilm formation in clinical settings. 36 Integrated in vitro studies of eukaryotic and microbial cell populations will also allow to tackle very general questions, such as how do specific (chemical, biological and physical) properties of artificial surfaces influence cell behaviour (e.g. adhesion, differentiation and growth)? Do the cellular systems share common principles of cell-surface interaction? Are there specificities which could be harnessed to favour species-specific adhesion? What are the underlying molecular mechanisms whereby the surface properties influence particular aspects of cellular behavior? Can we exploit this knowledge for innovative material-based approaches to control cells?
As explained below (Chapter 4), it seems plausible that future technological developments in materials and surface sciences in combination with nano-and micro-engineering will make it possible to answer these questions and use them for the translation into fundamentally new devices and processes in the fields of red and white biotechnology.
High-throughput, high-content analytics.
A comprehensive analysis to characterize the technical systems, their influence on the integrated biosystems and the inherent structure and functional dynamics of the biohybrid system is essential for advancement of the biologization of materials research. On the material side, multimodal methods for production and characterization are required, which allow a comprehensive analysis of the structure and chemical composition of the materials on the biologically relevant length scales from a few nanometers up to the mesoscale. Especially imaging methods (NMR, electron and scanning probe microscopy, tomography, TOF-SIMS) are suitable for this purpose. Imaging processes are also the most powerful tools on the biological side.
37 So-called 'superresolution microscopy ', 38 in particular, provides detailed insights into structure and dynamics of biological processes. It is foreseeable that this methodology, for instance, will allow to elucidate intracellular signaling cascades in living cells and tissues in real time and with near molecular resolution.
Also essential is the systematic use of the so-called 'Omics' technologies, with which the composition of the genome, transcriptome, proteome, metabolome and interactome can be analyzed across cells and organisms as a function of environmental conditions. 39 The enormously large data sets obtained from imaging and Omics analyses of the cellular systems will need to be efficiently processed in silico in order to enable 'data driven' generation of models and simulations that describe both the material and biosystems as well as the overall properties of biohybrid systems.
Combinatorial synthesis and microarray technologies are the key to high-throughput, highcontent analytics, as they allow a huge number of experimental samples to be screened at low cost and time. While DNA microarrays are already well established, 28 the development of corresponding surface-bound libraries of peptides, proteins, glycans and eukaryotic or microbial cells is still in its beginning. It requires innovative concepts which usually depend on a high level of robotics and computer-aided automation. 
From material systems to biomimetic compartments and devices.
The efficient implementation of the biologization of materials research makes it is necessary to combine materials and biosystems into integrated units in order to exploit the fundamental biological principles of self-assembly, self-organization and compartmentalization for applications in biotechnology. Data-driven sciences and Information-based strategies will play a key role in bringing together exploratory biology and creative engineering elements to enable future devices of high complexity and utility.
4.1 Self-assembled carriers and chassis. Self-assembly, i.e., the autonomous organization of components into patterns or structures without human intervention is used increasingly in many disciplines ranging from chemistry and biomimetics over band-gap materials and optoelectronics to microfabrication and new models for computation. 41 As detailed above, material systems based on polymers (2.2), DNA (2.3), MOFs (2.4) and nanoparticles (2.5) have the necessary biocompatibility, dimensionality and applicability for cross-scale designs required for the production of biomimetic and bioinstructive systems.
In recent years, biology has witnessed extraordinary scientific success through application of reduction-based engineering concepts to biological systems, including the use of scaffolds to enhance the efficiencies of enzyme cascade reactions. 42 The notion of novel, compartmentalized carriers that can selectively transport and separate substrates and/or products for these enzyme reactions has emerged as a significant scientific challenge. For this purpose, suitable synthetic carriers that provide structural sophistication (compartmentalization, morphological diversity and dynamic environmental adaptation) are needed.
For example, arrangements of synthetic multienzyme cascades on DNA nanostructures are currently attracting much attention because they offer novel insights into natural spatially-interactive biomolecular networks and associated fundamental principles, such as 'substrate channeling'. They could also be exploited for synthetic biology and the next generation of industrial biocatalysts because they can be steered by synthetic switches and are not limited in terms of the incorporated biocatalytic entities.
7, 43 Furthermore, DNA Origami pegboard carriers can be incorporated into microfluidic systems to create functionally coupled compartments for flow biocatalysis applications. Another approach to compartmentalization is based on polymer particles, which can be prepared in large scale by electrohydrodynamic co-jetting or related techniques. 44 Self-assembly and phase separation processes lead to formation of multiple distinctive domains and micro/nanosized compartments inside and on the surface of such colloids. In addition to their use as scaffolds and carriers in enzyme technology, multicompartmentalized colloids hold a great potential as chassis for the development of artificial cells. They can be harnessed for mimicking cellular redox reactions, which are one of the most important processes in living organisms and remain a key hurdle in synthetic biology. Furthermore, since inorganic NPs and supraparticles can readily be used to create micro-and mesoscaled superlattices and hierarchically organized colloidal crystals by self-assembly, their applications extend beyond the life sciences to the fields of optical and electronic components. 4.2 Layered particle assemblies on surfaces. Self-assembly of colloidal components on the surface of bulk materials offer an elegant route to the manufacturing of 2D layered materials. This class of materials displays a large anisotropy to their bonding, electrical and/or magnetic properties. Therefore, it is of tremendous interest for an enormous breadth of fields, ranging from semiconductor technology, electronics and energy storage over photofunctional and catalytic devices to biomedical applications. 45 For example, this approach provides a platform for the systematic study of light-matter interaction in NP-based materials. 30b In the context of biosciences, such materials can be tailor-made for specific applications, such as the targeted delivery of pharmacologically active cargo in prosthetics or protein and gene transfection methodologies in biomedical therapies (cell immunization, gene repair).
An example of how such materials can be integrated into larger microscaled architectures and used for the selective adhesion of cells is the 'Biopebbles' concept (Fig. 7) . Similar as stone pebbles on the seabed attract marine organisms, DNA-decorated silica nanoparticles are attracting living cells. Since the particles can be encoded with arbitrary compounds (e.g., bioactive compounds) this phenomenon can be exploited for cell guidance and manipulation on top-down microstructured surfaces. 
4.3
Designer petri dishes for single cells. Controlling eukaryotic cells by tailor-made materials is an intriguing goal, as it is an emerging way to "program" or instruct cell behavior without the need of genetic modifications of the cells. In the living organism cell behavior is critically influenced by the actions of different cues (biochemical factors or biophysical cues like flexibility) from the microenvironment, which act cooperatively in three dimensions. Consequently, several experimental 3D cell-culture models have been developed in recent years.. 47 Additive manufacturing using 3D laser microprinting has been emerged as a powerful tool to manufacture complex 3D cellular microenvironments with a well-defined geometry. In most of the earlier studies scaffolds were stiff and composed of a single photoresist with a homogeneous surface coating of biomolecules. More recent developments demonstrate either flexible scaffolds that can be deformed by forces applied by single cells or scaffolds composed of two or more resists that allow for the precise functionalization with several biomolecules in 3D. 48 As an example, the combination of three photoresists with protein-repellent, controllable proteinbinding or inherent protein-adhesive properties allows for the local functionalization with two different extracellular matrix proteins (Fig. 8) . Such scaffolds allow to systematically study, on the single cell level, the response (e.g., cell mechanics, cell differentiation) to the well defined artificial environment. Such approaches will enable the detailed understanding of how man-made materials influence cellular behavior to derive novel means, materials and devices to steer cell differentiation. For future developments, dynamic cell culture scaffolds are highly desirable, which require resists with "switchable-on-demand" properties to fully control biological processes. For example, in vivo maintenance and differentiation of stem cells is controlled not only by static cell-cell and cell-matrix adhesions, but also by dynamic changes in the environment. Hence, dynamic variations in the protein composition and changes in the mechanical stiffness need to be developed and implemented into the manufacturing of artificial 3D growth substrates. 
4.4
Microfluidics, robotics and data-driven science. These are core areas of engineering that are increasingly used in the production and operation of material-and biobased functional systems. Indeed, microfluidics should be considered as a key enabling technology, because it offers an extraordinary high degree of control over temperature profiles and diffusion-based mixing 49 along with an excellent connectivity to high-throughput liquid handling, robotics, (in-line) analytics, and data acquisition. The intimate connectivity of robotic systems with large-scale acquisition and analysis of data is playing an increasingly important role with the emergence of the 'Internet of Things' (IoT). It should thus be stressed that information-based strategies are the unifying link between exploratory biology and creative engineering (see below, 1.5, 3.6).
Microfluidics-based end-to-end automated technology platforms are currently being developed to cover the entire process from synthesis to functional analysis in a variety of fields, ranging from synthetic organic chemistry (see above, 2.1) and synthetic biology 50 to biocatalysis 7 and materials research. 51 Such platforms are invaluable for the investigation of biological and biohybrid systems, as they not only provide details on the composition and structure, but also enable new insights into the dynamics of the systems. This is essential to harness fundamental principles of self-organization for technical applications.
For example, we have developed a microfluidic platform, where readily available microfluidic chips are connected by automated liquid handling with analysis instrumentation, such as spectroscopy, microscopy, chromatography and tomography, to investigate the structure, function and dynamics of biofilms. 52 As described above (3.4), biofilms are multispecies microbial consortia, which are intensively studied not only for their effects on health and environment but also because they have an enormous potential as tools for biotechnological processes. While currently available technologies do not allow a comprehensive description of the composition and dynamics of these biosystems, our integrated platform offers the detailed analysis of biofilm structure along with high spatio-temporal resolution in the analysis of metabolites and identification of members by single-cell genomics. This can be used, for example, to follow the self-organized separation of multispecies consortia along autonomously created gradients and compartments, to investigate the response and dynamic behavior of medical biofilms onto variable materials, or to optimize the productivity of biofilms in microfluidic reactors. 4.5 Additive manufacturing. This is a comprehensive term for processes for the fast and cost-effective production of models, samples, prototypes, tools and end products. On the basis of computer-internal data models, the products are manufactured from formless materials (liquids, gels, powders, etc.) or from shape-neutral workpieces (wires, foils, blocks) using chemical and/or physical processes. 53 "3D printing" is a powerful emerging technology of increasing importance for the tailored fabrication of functional materials for life science and technology.
54 3D laser printing makes it possible to produce almost any 3D structures in the lower micrometer regime, which can be equipped with tailored materials properties and even adaptive and bioinstructive characteristics due to tailor-made polymers or other inks.
In addition to printing of artificial structures and devices for applications in optics and electronics (2.2) or cell biology (4.3), 3D bioprinting is currently intensively investigated for the top-down assembly of living and non-living biological materials. For example, bioprinting of cells aims to produce biological scaffolds for tissue engineering and stem cell technologies or even whole organs by machine-assisted fabrication processes. 54b In addition to these perspectives in red biotechnology, emerging applications in white biotechnology are aiming towards the development of enzyme-loaded cartridges for flow biocatalysis. 55 These developments suggest that in the not too distant future it will be possible to design complex and highly functional biocatalyst systems on the computer and manufacture them by automated processes that are less susceptible to disturbances and handling errors.
Conclusions and recommendations
Based on fundamental principles of living systems, we have elaborated in this white paper the importance of a biologization of material research. Nature shows impressively that systems of incredible complexity can be created with minimal energy consumption but maximal capability for programmable replication, repair, regulation and environmental responsiveness. Although biomimetics and bioinspired material systems are already being used for applications, the use of biological systems and principles is only just beginning. The biologization of materials research serves to unlock this potential. Natural and synthetic biomaterials that interact with any part of a biological system are at the beginning of the value chain of this biologization process. As detailed in Chapter 2, bioinstructive materials must be developed with which scale-bridging structures from the lower nanometer to the upper micrometer range can ideally be produced by self-assembly. This requires innovative chemistries coupled with efficient, machine-assisted synthesis methods. Current research shows that (bio)polymers, MOFs, and colloids are very well suited for this purpose. It can be assumed, however, that novel non-linear and synergistic properties will emerge from combinations of such materials. These could be harnessed, for example, for the targeted delivery of artificial cargo to biological systems or the biological amplification of synthetic structures. Increased efforts should therefore be made to develop approaches for preparation and screening of material libraries for bioinstructive functionality through automated procedures. Biointerfaces are the next higher level of integration in order to exploit the potential of biologization for technical material systems. As detailed in Chapter 3, bioconjugation chemistry combined with innovative methods for functionalizing solid surfaces, for example on the basis of (bio)polymers, are an essential key to realizing biocompatible, adaptive and bioinstructive material systems. From a biological point of view, eukaryotic and microbial cell populations are excellent test systems, as they possess a high biological complexity and functionality and, in addition, open up direct application perspectives in the fields of biotechnology (stem cells, biofilms, biocatalysis). The task is to couple biological with technical systems in such a way that ideally both systems benefit from the hybrid structure. A first obvious step towards achieving this goal is to increase the efficacy of the developments by implementing high throughput/high content analytical formats that are based on microarrays, microfluidics, and Omics technologies.
Complex biohybrid and biomimetic systems are needed to implement biobased strategies for a sustainable economy. In order to manage the transition from material systems to biomimetic compartments and functional devices, the consistent use of modern computer-aided production processes is necessary but not sufficient. It is foreseeable that top-down methods of additive manufacturing will enable the rapid production of complex material and biosystems. However, functional connectivity between biological and technical systems are mediated by nanoscale architectures that hardly be produced top-down but only by bottom-up methods. Therefore, approaches to the scale-bridging integration of molecular self-assembly and additive manufacturing processes must be systematically advanced. Of particular importance is the systematic development of cross-scale, compartmentalized reaction systems that make biological functionality (e.g. biocatalytic or bioremediation properties) applicable for technical purposes.
Scale-bridging manufacturing and compartmentalization will open up new horizons.
The resulting, functionally coupled hybrid systems will influence future technologies in two ways. On the one hand, direct biotechnological applications will be made possible in which cell composites are used for devices and processes in medicine and technology. Predictable scenarios include modular systems in which biohybrid material systems are integrated via compartmentalized, cross-scale architectures to combine maximum performance of biological components (e.g. coupled enzyme cascades, eukaryotic and prokaryotic production strains, microbial purification and processing systems) with maximum compatibility with existing technical facilities. Such 'biofactories of the future' would be of tremendous utility in biocatalysis (e.g. container-based multiscale manufacturing units for the production of value-added chemicals).
On the other hand, the hybrid systems will give us a much more detailed insight into the functioning of biological systems. This will lead to a better understanding of biological selforganization and compartmentalization and thus open the door to exploiting these fundamental principles of life for technical purposes.
As described above (Chapter 1), self-organization is largely unexploited for technical applications.
3 This is mainly due to incomplete understanding of this process, the lack of robust self-organizing material systems and missing targeted strategies with which such systems could actually be used for practical applications. The biohybrid material systems described above seem well suited to make this 'holy grail of life' usable for technical purposes. For example, it should be possible -by integrating chemical metabolisms, materials-modifying biotools (e.g., enzymes) and tailored building blocks -to implement biological mechanisms for self-regulated growth, quality control and repair into technical materials production processes. 56 This will substantially contribute to enable future resource-saving manufacturing processes for technological goods or even 'intelligent' material systems that can repair and optimize living systems. Envisaged device applications range from functional components in industrial biocatalysis over environmental technology (e.g., bioremedation plants) to biomedicine (e.g. personalized intracorporeal sensors, detoxifying implants).
Future success in creating something entirely new will critically hinge on robust and complementary research capacities. Because much of the research is devoted to fundamental natural principles (self-assembly, self-organization, scale-bridging pattern formation and compartmentalization under non-equilibrium conditions, metabolite channeling and signaling, etc.) future work necessarily requires a significant amount of "blue-sky research". However, current state of the art clearly tells that acquisition of fundamental knowledge often can early be effectively translated into applications and products in various areas like sensing, diagnostics, biocatalysis, and biomedical devices.
It is immediately evident from the numerous research examples discussed above that the biologization of materials research is an inherently multidisciplinary effort that inevitably requires a comprehensive infrastructure. This results in high demands on the research capacity in the areas of chemical synthesis, polymer and biomacromolecule production, surface preparation and characterization, top-down engineering and assembly as well as computational sciences. Thus, national and international large-scale research initiatives are required to unleash the potential of bio-based strategies for the future of technology.
